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is then pressed into pellets of 10 mm diameter under 635 MPa pressure using a stainless steel

Graseby Specac die and hydraulic press (Figure 2.1).

Fig: 2.1 Tools used for preparation of pellets of materials in powder form.

Fig: 2.2 High temperature tube furnaces used to anneal the samples.
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The pellets are then wrapped with Ta foil and put in an alumina (Al,O3) crucible. The
crucibles are sealed in a quartz tube in vacuum or under Ar atmosphere. The sealed tube is then
put in a horizontal tube furnace for sintering. For some samples the crucibles with pellets are
placed in a long quartz tube and heated in a horizontal tube furnace in a stream of gases like Ar,
N or NH;. We can set the different sequence of heating treatments as required. In this kind of
furnace available to our lab we can heat up to 1200 "C.
2.2.1.2 Arc and RF Induction Melting

Polycrystalline samples of nonvolatile materials, especially intermetallics, can be
prepared by arc and RF induction melting [2]. To arc melt the samples, desired compositions are
weighed and reacted under flowing ultra high purity argon gas in an arc melter using a tungsten
electrode and a water-cooled copper hearth. A Zr button was used as an oxygen getter. The
sample was flipped over and re-melted 3-5 times to ensure homogeneous mixing of the

constituent elements. The sample chamber is pumped, purged and sealed at least three times

before melting.

Fig: 2.3 Arc melting chamber and copper hearth.
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Fig: 2.4 RF induction melting system.

If the starting materials are in powder form, the powders are mixed and pressed into
pellets as explained in previous section. This resulted in the formation of small buttons. The
sample button is wrapped in Ta foil, sealed in a quartz tube under vacuum, and annealed at
suitable temperature and time period. RF Induction heating provides reliable, repeatable, non-
contact and energy-efficient heat in a minimal amount of time. The power supply sends
alternating current through a coil, generating a magnetic field. When the workpiece (sample) is
placed in the coil, the magnetic field induces eddy currents in the workpiece, generating precise
amounts of clean, localized heat without any physical contact between the coil and the
workpiece. Induction heating provides fast, controllable temperature ramp, allowing for
consistent quality results. Both ferrous and non-ferrous alloys can be melted in induction
furnaces. The sample is placed in a crucible wrapped with a tantalum foil as a susceptor inside

the induction coil and RF power is supplied. The charge can be melted and then maintained in
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the liquid state, depending on the application requirements. The operating frequency of our RF
supply is 0-100 KHz.
2.2.2 Single Crystals

A polycrystalline sample of a material that belongs to one of the non cubic crystal
systems can have significant built-in strain. Single crystals do not exhibit artificial effects due to
strain or impurities. This is the first reason why access to single crystals is important. Secondly,
it is necessary to study the anisotropic, or directionally dependent, properties of a material in a
single crystal. The properties of many crystalline materials depend on the axis along which they
are measured. For example, some materials are thought to be metallic (conducting) along one
axis and insulating along another. Crystals can belong to one of several crystal systems, each of
which is characterized by certain symmetries. There are various ways of single crystals growth.
The two techniques we have adopted are explained below.
2.2.2.1 Metallic Flux Growth

Flux growth is a comparatively simple technique: the crystals are grown out of a solvent
that reduces the melting point of the desired compound. If we heat the mixture of starting
materials up to melting point, it turns out that the small amount of the material is dissolved into
molten metallic flux, which has a relatively low melting point. The melt is then slowly cooled,
and beautiful single crystals can grow out of the flux, sometimes several mm in length. Single
crystals of many intermetallic compounds can be grown in a metallic flux [3]. It is a versatile
technique that allows for the growth of congruently and incongruently melting materials with
equal ease. The primary requirement for growth is that there be an exposed primary solidification
surface in the appropriate equilibrium phase diagram.

For the materials with low melting point, below 1200 °C, starting materials in a

stoichiometric ratio are placed in a small alumina crucible and filled with metal used as flux, for
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example antimony or tin. The approximate material-to-flux mass ratio is taken as 1:10 initially.
The open side of the crucible is closed by quartz wool and then sealed in an evacuated quartz
ampule. Then the sample undergoes a suitable sequence of heat treatment in a box furnace. The
quartz tube should be vertical. The temperature sequence is determined by studying the phase
diagram of the material. The sample is cooled very slowly to just above the melting point of the
metallic flux. Then very quickly the quartz tube is taken out of furnace, inverted, and spun in a

centrifuge for 30 seconds keeping it upside down. The flux drains out of crucible and leaves the

crystals of the material at the bottom [4].

Fig: 2.5 High temperature vertical furnaces used for single crystal growth.

This method is not always feasible to grow single crystals of the materials with very high
melting points, for example boron and carbon [5]. In that case we melt the material inside a
bigger vertical tube furnace using molten Al as a flux. A 10 - 50 ml alumina crucible is filled
with stoichoimetric amounts of starting raw materials and the metal used as flux, with material to
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flux mass ratio 1:70. The crucible is put inside vertical mullite tube which passes through the
middle of the vertical furnace. For volatile materials like Mg, the alumina crucible is sealed in a
Ta crucible of a larger size in an Ar atmosphere in a glove box [3]. Then the sample is heated
under flowing Ar atmosphere with a suitable heating program. After the sample is cooled to
room temperature the single crystals are extracted from the solid Al by etching it away with a hot
solution of NaOH. By this method we can heat different samples using four different crucibles at
the same time. The surface of the grown crystals is cleaned by etching them in very dilute nitric
acid. Then the crystals are washed, rinsed with ethanol, and dried.
2.2.2.2 Chemical Vapor Transport

Nonvolatile solid substances can be transported through a vapor phase by chemical vapor
transport (CVT) when the suitable reactive gases are provided in the presence of a temperature
gradient, such as to transform the solid substances into gaseous compounds via heterogeneous
chemical reactions and vice versa. The vapor-grown crystals are often perfect enough and good
enough quality crystals to be used in solid state physics experiments [6]. In our lab single
crystals are grown by the CVT method using iodine as the transporting agent. A mixture of
elements is placed in a quartz ampule of length 18 cm and a diameter of 1 cm along with an
iodine concentration of 10 mg/cm®. The ampule is evacuated to around 2x10°® torr, and sealed
off. The ampule is placed in a horizontal furnace with small openings on each side. The
determination of suitable growth duration and the temperature gradient along the source zone
and growth zone is a key to this method.
2.2.3 Thin Films and Micro Fibers

Thin film science and technology play an important role in the high-tech industries. Thin
film technology has been developed primarily for the integrated circuit industry. The demand for

development of smaller and smaller devices with higher speed, especially in the next generation
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of integrated circuits, requires advanced materials and new processing techniques suitable for
future giga scale integration (GSI) technology. In this regard, the physics and technology of thin
films can play an important role to achieve this goal. Thus, knowledge and determination of the
nature, functions and new properties of thin films can be used for the development of new

technologies for future applications [7, 8].
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Fig: 2.6 Experimental set up for thin film growth.

There are various types of chemical and physical deposition processes of thin films. In
our lab we do an electron-beam deposition [9]. The material to be deposited is placed on a boat
(crucible) made of a material with high melting point. Depending on the type of the materials to
be deposited, a carbon or tantalum boat is used. An electron beam evaporator fires a high-energy
beam from an electron gun to boil a small spot of material; since the heating is not uniform,
lower vapor pressure materials can be deposited. The beam is usually bent through an angle of

270° in order to ensure that the gun filament is not directly exposed to the evaporant flux.
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Typical deposition rates for electron beam evaporation range from 0.1 to 10 nanometer

persecond in a 2 micro Torr vacuum.

Fig: 2.7 Mo- coated C fibers produced by JW Composities LC.

A carbon fiber is a long, thin strand of material about 0.0002-0.0004 in (0.005-0.010 mm)
in diameter and composed of carbon atoms. Carbon fiber-reinforced composite materials are
used to make aircraft and spacecraft parts, racing car bodies, golf club shafts, bicycle frames,
fishing rods, automobile springs, sailboat masts, and many other components where light weight
and high strength are needed. There are various ways of synthesizing the carbon fibers [10]. JW
Composites has developed a unique technology for incorporating graphite fibers into a copper
matrix [11]. Graphite fibers are not wetted by many metals including copper. By providing a
thin layer of molybdenum metal on the surface of each graphite filament, the coated fibers are

spontaneously wetted by molten copper. The molybdenum coating provides a strong bond
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between the fibers and copper; a bond that is stable even above the melting point of copper!
Once coated with molybdenum, the graphite fibers have a typical metallic appearance.

Fibers coated with various metals (nickel, copper, gold, etc.) for use in aerospace,
defense, electronics, communications and biomedical applications. David Young et.al have
found a way to synthesize a layer of MgCNi3; an 8 K superconductor directly onto tiny carbon
fibers that are five times smaller than a human hair, and the results could lead to advances in
space travel and transport [12]. MoN and MosSbh; were synthesized in our lab reacting the Mo
coated carbon fibers with N and Sb, respectively.

2.3 Characterization

Sample structure and phase purity analysis will be performed by powder and single
crystal X-ray diffraction using Cu Ka diffractometer equipped with an incident beam
monochromator in the Chemistry Department. SEM images and elemental analysis were done
using JEOL 840A. The physical properties measurements were carried out in Quantum Design
Physical Property Measurement System (PPMS).

2.3.1 Structure and Elemental Analysis
2.3.1.1 X-ray Diffraction

The X-Ray diffraction method is most useful for qualitative rather than quantitative
analysis (although it can be used for both) of powders, single crystals and thin films. We can use
it to identify phases, to measure crystal lattice parameters, residual stress, texture, and crystalline

size of nanomaterials.

The X-ray radiation most commonly used is that emitted by copper, whose characteristic
wavelength for the radiation is A = 1.54056 A. For powder X-ray diffraction, well grounded
powder of the samples was placed onto a sample holder of the diffractometer equipped with Cu

K, radiation (A = 1.54056 A).
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Fig: 2.8 A Bruker D8 Advance Powder Diffractometer housed at Chemistry department.

Data were collected from 2 6 = 20° to 80° with a constant scan speed of 2° min™ at room
temperature. When the incident beam strikes a powder sample, diffraction occurs in every
possible orientation of 26. The diffracted beam may be detected by using a moveable detector
such as a Geiger counter, which is connected to a chart recorder. In normal use, the counter is set
to scan over a range of 26 values at a constant angular velocity. Routinely, a 26 range of 10 to
80° is sufficient to cover the most useful part of the powder pattern. The scanning speed of the
counter is usually 2° min™ and therefore, about 30 minutes are needed to obtain a trace. In this
work, XRD measurements were carried out using the Bruker D8 Advance Powder

Diffractometer housed in the Department of Chemistry at Louisiana State University. To perform
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the single crystal X-ray diffraction, a small crystal fragment is glued to a glass fiber and mounted
on the goniometer of a Nonius Kappa CCD diffractometer equipped with Mo K, radiation (A =
0.71073 A). Data were collected at 298 K.
2.3.1.2 EDX Spectroscopy and SEM Microscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used
predominantly for the elemental analysis or chemical characterization of a specimen [13]. Being
a type of spectroscopy, it relies on the investigation of a sample through interactions between
electromagnetic radiation and matter, analyzing X-rays emitted by the matter in this particular
case. Its characterization capabilities are due in large part to the fundamental principle that each
element of the periodic table has a unique atomic structure allowing x-rays that are characteristic
of an element's atomic structure to be uniquely distinguished from each other. Spectroscopy data
is often portrayed as a graph plotting x-ray energy vs. count rate. The peaks correspond to
characteristic elemental emissions.
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Fig: 2.9 Spectroscopy data for an elemental analysis.
There are four primary components of the EDS setup: the beam source; the X-ray
detector; the pulse processor; and the analyzer. A number of free-standing EDS systems exist.

However, EDS systems are most commonly found on scanning electron microscopes (SEM).
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Electron microscopes are equipped with a cathode and magnetic lenses to create and focus a
beam of electrons, and since the 1960s they have been equipped with elemental analysis
capabilities. A detector is used to convert X-ray energy into voltage signals; this information is
sent to a pulse processor, which measures the signals and passes them onto an analyzer for data
display and analysis. The scanning electron microscope (SEM) is a type of electron microscope
that creates various images by focusing a high energy beam of electrons onto the surface of a
sample and detecting signals from the interaction of the incident electrons with the sample's
surface. The SEM also produces images of high resolution, which means that closely spaced

features can be examined at a high magnification. Preparation of the samples is relatively easy

since most SEMs only require the sample to be conductive.

Fig: 2.10 JEOL 840A Scanning electron microscope in the geology department at LSU.
The types of signals gathered in an SEM vary and can include secondary electrons, characteristic
x-rays, and back-scattered electrons. In an SEM these signals come not only from the primary

beam impinging upon the sample, but from other interactions within the sample near the surface.
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The SEM is capable of producing high-resolution images of a sample surface in its primary use
mode, secondary electron imaging.

SEM images of our samples were taken using a JEOL 840A SEM in the SEM and
Microprobe lab at the Department of Geology and Geophysics. This machine is equipped with
four detectors (SE, BE, CL, and X-ray). Analog photography of secondary and backscatter
images is supported by a dedicated CRT and Polaroid camera. A Mac G4 computer with dual
monitors is used to work with a 4Pi ADC (Spectral Engine 1l) and multichannel analysis system
to acquire digital SEM images and EDS spectrum. NIH Image or Evolution of 4pi is used to
acquire and analyze image data. The sample stage supports 12 mm stub, 32 mm stub, and thin
section. Sample exchange is rapid and sample throughput potentially quite fast. This instrument
is very simple and quite robust.

2.3.2 Physical Properties
2.3.2.1 Overview of PPMS

The Physical Property Measurement System (PPMS) provides a flexible, automated
workstation that can perform a variety of experiments requiring precise thermal control. The
unique open architecture of our Model 6000 PPMS allows us to use different measurement
options, such as the AC Measurement System option, AC transport option, and heat capacity
option. We can also use a breakout box to connect with external instruments to measure transport
critical current density and the thermoelectric effect. The sample environment controls include
fields up to £ 9 Tesla and temperature range of 1.8 - 400 K. Temperature is reported with a
typical accuracy of +0.5%. The slew rate is 0.01 < dt < 12 K/min. with full sweep capability. The
PPMS unit operates with a nitrogen- jacketed dewar. The dewar contains the liquid helium bath
in which the probe is immersed. The probe’s intricate design incorporates the basic temperature

control hardware, the superconducting magnet, the helium-level meter, the gas lines, the sample
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puck connectors and a variety of electrical connections. The pins from the sample puck
connector are wired to the pins on the gray-ringed Lemo connector that is on the probe head. The
state-of-the art technology of the AC Measurement System offers extensive susceptibility and
magnetization capabilities while retaining a user-friendly environment. The ACMS houses the
drive and detection coils, thermometer, and electrical connections for the ACMS system. The AC
drive coil set provides an alternating excitation field, and the detection coil set inductively
responds to the combined sample moment and excitation field. The insert fits directly in the
PPMS sample chamber and contains a sample space that lies within the uniform magnetic field
region of the host PPMS, so DC field and temperature control can be performed with
conventional PPMS methods. The ACMS coils are connected to the PPMS electronics through

the 12- pin connector located in the base of PPMS sample chamber. The ACMS is both a DC

magnetometer and an AC susceptometer.
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Fig: 2.11 Physical Property Measurement System.
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2.3.2.2 Resistivity and Hall Coefficient
The measurement of transport properties such as electrical resistivity, magnetoresistivity,

and Hall coefficient are performed in the AC transport option of the PPMS MultiVu software.

Fig: 2.12 Liquid He tank and other tools for sample instaliment inside the PPMS.

We adopt a standard four-probe technique. Hall coefficient measurements, however, measure the
sample’s Hall voltage and therefore require a different configuration. The sample is cut or
polished into a bar with dimensions of approximately 2 x 1 x 1 mm. The sample is glued on a
special kind of plastic holder (G10) using VGE varnish. Four pieces of 0.002 inch size platinum
wire are used to make electric contact to the smooth surface of the sample using a conductive
epoxy (Epotek H20E). It is placed on a hot plate for several minutes to cure the epoxy. Then the
wires are connected to the current and voltage points on a PPMS sample puck. The contact

resistance is checked with a voltmeter. The puck is placed inside the PPMS for the measurement.
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